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Realization of an infrared spectral radiant power
response scale on a cryogenic bolometer

A. Migdall and G. Eppeldauer

Abstract. The National Institute of Standards and Technology (NIST) has developed an infrared (IR) radiant

power response scale for the spectral range from 2 m m to 20 m m. The scale has been realized on a cryogenic

bolometer. The response of this bolometer has been determined by multiple ties to a primary standard, the NIST

High Accuracy Cryogenic Radiometer (HACR). These transfers were made using three intermediate detectors over

three different spectral regions. In addition, an independent method was used to determine the relative response of

the bolometer over the entire spectral range. An IR spectral response scale over the entire 2 m m to 20 m m range

was determined from these measurements, with the interlocking nature of the multiple independent measurements

providing improved overall con® dence and reduced uncertainties. The overall scale combined standard uncertainty

for the entire spectral range of 2 m m to 20 m m is of the order of 0.25 %, with the typical combined standard

uncertainty of an individual measurement made with the bolometer being 0.8 %.

1. Introduction

The National Institute of Standards and Technology

(NIST) has developed an IR radiant power response

scale for the spectral range from 2 m m to 20 m m.

This scale is required for a facility that provides

a detector-based calibration of IR detector spectral

radiant power response [1, 2]. The scale operates

at much higher sensitivities (input power levels are

20 pW to 10 m W) than existing IR scales ( 0.1 m W

to 500 m W) [3], while using a detector with a ¯ at

spectral response over the entire spectral range. The

scale has been realized on a cryogenic bolometer,

which accounts for the improved sensitiv ity relative

to a pyroelectric detector-based scale. The response

of this bolometer has been determined by multiple

ties to a primary standard, the NIST High Accuracy

Cryogenic Radiometer (HACR) [4]. These transfers

were made using three intermediate detectors over three

different spectral regions. In addition, an independent

method was used to determine the relative response

of the bolometer over the entire spectral range. An

overall IR spectral response scale was determined

from these measurements, with the interlocking nature

of the multiple independent measurements providing

improved con® dence and reduced uncertainty. The

combined standard uncertainty over the entire spectral

range of 2 m m to 20 m m is typically better than
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0.25 %, with the typical uncertainty of an individual

measurement made with the bolometer being 0.8 %.

2. Relative response determination

To determine the radiant power response of the

bolometer, its relative response was predicted over its

entire spectral range from measurements of bolometer

components. This relative response shape was then tied

down at many wavelengths via transfer detectors to

the HACR. The relative response determination, the

absolute response ties, and ® nal extraction of an overall

scale along with its estimated uncertainties, are given

in this and the following sections.

This cryogenic bolometer, which holds the IR

spectral response scale, consists of a sapphire disk with

a heat sensor on one side and a gold-black absorptive

coating on the other side. Incident radiation is detected

as a temperature rise. Because the bolometer operates

by sensing energy deposited within its absorber, its

relative response is just the product of the absorptance

of the bolometer’ s coating and the transmittance of the

window of the cryogenic Dewar. For more details on

the device construction and characterization, see [5-7].

2.1 Bolometer spectral absorptance

The spectral absorptance of the bolometer gold-black

coating was measured using a Fourier Transform

Infrared (FTIR) spectrometer system with hemispherical

collection optics. This allowed the total re¯ ectance

(diffuse and specular) to be measured. Two additional

measurements were made using laser sources. At
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0.633 m m and 10.6 m m, the re¯ ectances were 1.2 ±
0.3 % and 0.5 ± 0.3 %, respectively. (The uncertainties

reported in this paper are all standard uncertainties as

de® ned in [8].) The results are shown in Figure 1.

A linear ® t to the FTIR data from 2 m m to 17 m m

indicates a minimal slope with a value not much

larger than its uncertainty. Because of this, the FTIR

re¯ ectance data were simply averaged yielding a

wavelength-independent value for the re¯ ectance of

= 0.75 %. This is consistent with the values and

uncertainties of the two laser re¯ ectance measurements.

As the uncertainty of the absolute value of the FTIR

measurements is dif® cult to ascertain, the uncertainty

of the average (which is nearly the same as the average

of the laser results) is assigned the value of the laser

measurement uncertainties, i.e. 0.3 %. This uncertainty

is consistent with the spread of a three-point data set

consisting of the two laser measurements and the FTIR

average. Because the IR termination of the re¯ ectance

data beyond 17 m m resulted from low FTIR sensitivity

rather than a variation of gold-black, it is expected that

an extrapolation of these data is justi ® ed to at least

20 m m.

Figure 1. Total bolometer re¯ ectance (specular + diffuse).

The solid curve shows the bolometer gold-black re¯ ectance

measured using a Fourier Transform Infrared spectrometer.

The re¯ ectance was measured with laser sources as indicated

by the two open squares at 0.633 m m and 10.6 m m.

This absorptance determination assumes that the

transmittance of radiation through the bolometer can

be neglected. If this were not the case, a step in the

measured re¯ ectance would be seen between 10 m m

and 13 m m, as the sapphire substrate re¯ ectance varies

rapidly in that region from zero to 100 %. Because no

such change is seen in Figure 1, any transmittance

must be below the uncertainty of the re¯ ectance

measurement. In addition, if radiation were leaking

through the bolometer a response increase would be

seen at shorter wavelengths owing to non-bolometric

effects (caused by direct optical excitation of the

Si temperature sensor). There is no evidence of any

response change in that spectral range that is not due

to window transmittance.

2.2 Bolometer window spectral transmittance

The transmittance of the bolometer window was mea-

sured from 600 nm to beyond 18 m m. To accomplish

this, several measurement systems were used: the

Infrared Spectral Comparator Facility (IR SCF) itself,

the Visible Near Infrared Spectral Comparator Facility

(VIS/NIR SCF), an FTIR spectrometer, as well as

measurements made using laser sources. This allowed

for consistency checks of the results. One dif® culty in

these measurements was caused by the de¯ ection of the

transmitted beam produced by the window wedge angle.

(A wedged window was used to allow the bolometer to

measure laser radiation, as well as incoherent sources.

As the bulk absorptance of KBr is unmeasurable in this

region with the extinction coef® cient below 10
±6

[9] the

variation in window thickness is not a signi® cant source

of uncertainty.) The various measurements handled this

problem differently.

The IR SCF was used to measure single KBr

window samples from 2 m m to 20 m m. Here the

de¯ ection of the transmitted beam was handled by

repositioning the detector for maximum signal for

the window in and out measurements. This should

reduce the uncertainty arising from detector spatial

nonuniformity to equal or less than the repeatability

uncertainty of the measurements. The transmittance

is shown in Figure 2a with the error bars being

the standard deviation of ® ve to nine repeated

measurements. The mean size of the error bars is

0.1 % for the region from 2 m m to 16 m m. The

IR SCF was used to measure the transmittance

difference of two window samples (see Figure 2b).

The mean difference between the two measurements

was 0.016 % with a standard deviation of 0.2 %.

These small differences allow window interchanges

with this standard deviation used as the uncertainty.

They also indicate that the spatial uniformity of the

windows, which was not speci® cally tested, should be

signi® cantly below these levels.

Figure 3 shows the transmittance and associated

standard deviation for a single sample of KBr measured

from 0.6 m m to 1.8 m m by the VIS/NIR SCF.

The standard deviation is used as the measurement

uncertainty. This VIS/NIR measurement was included

because the window transmittance and bolometer

response remain relatively ¯ at there and it is frequently

convenient to be able to use the bolometer for

measurements in this range.

For the window transmittance measurements made

by the FTIR spectrometer, an arrangement was made

to avoid de¯ ecting the transmitted beam. This was

done by measuring the transmission of two windows

mounted together so that their wedge angles cancelled

out. The transmission of a single piece was then just

the square root of the combined transmission. (This

assumption is justi® ed by the level of the agreement

seen in the IR SCF results shown in Figure 2b). These

FTIR results, although less reproducible than the IR
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Figure 2. (a) Spectral transmittance of a single KBr window

as measured by the Infrared Spectral Comparator Facility.

The mean error bar is 0.1 % for the region below 16 m m.

(b) Spectral transmittance of two KBr windows and their

relative differences.

Figure 3. The transmittance of a single KBr window as

measured by the VIS/NIR Spectral Comparator Facility. The

lower curve is the standard deviation of the transmittance

measurements.

SCF measurements, agreed with those results to within

0.2 % to 0.6 %. Because the FTIR is more susceptible

to drifts than the IR SCF measurements and because

the FTIR can be sensitive to alignment in a way that is

dif® cult to quantify, we used the IR SCF measurements

of the window transmittance.

An attempt was made to determine the KBr

transmittance by measuring just the re¯ ected beams

from the front and back window surfaces. This

would have had the advantage of allowing window

transmittance to be measured in situ on the Dewar.

Unfortunately the method yielded inconsistent results

and was not pursued. It was suspected that the problem

arose from surface scatter or surface absorptance.

2.3 Relative response result

The relative spectral response of the bolometer as shown

in Figure 4 is the product of the window transmittance

and the bolometer gold-black absorptance. Except for a

pair of 1 % to 2 % dips (most likely from window-

coating absorption lines) the bolometer response is

quite ¯ at. The uncertainty for the 2 m m to 20 m m

region is 0.36 %, the quadrature sum of the 0.2 %

KBr transmittance uncertainty and the 0.3 % gold-

black absorptance uncertainty. In the 0.6 m m to 2 m m

region the transmittance uncertainty is so small that the

gold-black absorptance uncertainty dominates the total

uncertainty.

Figure 4. Relative spectral response of the bolometer

(window transmittance gold-black absorptance) with

uncertainties typical of the VIS/NIR and IR spectral regions.

3. Absolute response tie points

To convert the relative spectral curve just discussed

into an absolute scale it is necessary to determine

the absolute response at one, or preferably more,
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wavelengths. This was done by comparison with Si, Ge,

and pyroelectric transfer standard detectors, which were

themselves tied to the HACR primary standard. The

comparisons were made at speci® c wavelengths using

laser sources at 0.633 m m, 1.3 m m, and 10.6 m m and

over a continuous range from 600 nm to 900 nm using

the quartz lamp and the IR SCF itself as the source.

Even though the VIS/NIR calibrations are outside the

intended range of the IR SCF, these measurements are

important because of their accuracy and to verify the

spectral ¯ atness of the bolometer.

3.1 Infrared transfer: pyroelectric detector

The bolometer was compared with a pyroelectric

transfer detector over a continuous spectral range from

6 m m to 11 m m using the IR SCF. This pyroelectric

detector was calibrated against the HACR at a single

wavelength of 10.6 m m using a laser source [10]. To

extend the calibrated spectral range of this transfer

detector, a response comparison was made between it

and a second pyroelectric detector that did not have an

absolute calibration but had a known relative spectral

response. This comparison was performed on the IR

SCF. Because it was windowless, the relative response

of this second detector was found by measuring the

total re¯ ectance of its absorptive coating in the infrared

using an FTIR spectrometer. This procedure yielded the

spectral response of the pyroelectric transfer detector as

shown in Figure 5. The overall decrease in response

with increasing wavelength is a result of decreasing

absorptance of the coating on the pyroelectric detector.

Figure 5. The radiant power response of the pyroelectric

detector used for scale transfer from the High Accuracy

Cryogenic Radiometer (HACR) to the bolometer. The

absolute tie point to the HACR at 10.6 m m is indicated.

A linear ® t to the data is shown.

The comparison of the bolometer with the

pyroelectric transfer detector determined the bolometer

response over the 6 m m to 11 m m spectral range

as shown in Figure 6. This result combines three

comparisons made over different wavelength ranges.

Table 1 shows the typical component uncertainties

associated with this bolometer response calibration.

The top portion of the table contains the uncertainties

associated with the bolometer response corrections and

signal handling. As indicated by the subtotals attributed

to each detector, the pyroelectric detector uncertainty

dominates the uncertainty of this comparison. The lower

portion of the table contains the uncertainties associated

with the pyroelectric measurements and pyroelectric

response scale. The l uncertainty component derives

from the wavelength uncertainty of the monochromator

combined with the slope of the pyroelectric detector

response versus wavelength. The ® nal total uncertainty

for the bolometer response contains all the listed com-

ponents combined in quadrature with the pyroelectric

response scale uncertainty which dominates the result.

The pyroelectric response scale uncertainty is ¯ at at

1 % from 6 m m to 9 m m and then smoothly rises to

1.6 % at 11 m m.

Figure 6. Bolometer spectral radiant power responsivity as

transferred using the pyroelectric detector. Error bars are

total uncertainty including all components shown in Table 1.

3.2 Near-infrared transfer: Ge detector

The bolometer was compared with a Ge transfer

detector over a continuous spectral range from 0.9 m m

to 1.7 m m using the IR SCF. (These Ge measurements,

as well as the Si measurements described in the next

section, required replacing the usual IR gratings in the

monochromator with a 600 g/mm grating.) This transfer

detector is tied to the HACR from 0.8 m m to 1.8 m m

via a calibration chain that includes single-element and
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Table 1. Uncertainty budget for the bolometer spectral radiant power responsivity in the wavelength range

6 m m to 11 m m, as transferred from the pyroelectric detector.

Correction factors Wavelength

and uncertainty sources dependency

f 1.1325 0.29 Varies

V 1.3611 0.19 Varies

bias 1.0189 0.10 Varies

20 100 4.9669 0.18 Fixed

NL 1.0482 0.27 Varies

lock-in output-gain 0.9865 0.55 Fixed

lock-in input-gain ( lock-in = 104 ) 1.0032 0.21 Fixed

Bolometer signal noise 0.05 Varies

Bolometer spatial response 0.3 Fixed

Bolometer total 0.79

Pyroelectric scale 1.18 at 10 m m Varies

l uncert. ( D l = 1.5 nm) 0.02 at 10 m m Varies

Pyroelectric signal 0.61 Varies

Pyroelectric total 1.33 Varies

Grand total 1.51

The bolom eter response correction factors listed are: for the bolom eter 3dB frequency point ; for the voltage drop across the bolo meter; bias is the

bolom eter bias voltage ; is the gain of the bolom eter preampli ® er; NL is a correction for nonlinea rity; lock-in input-gain and lock- in output-gain are corrections

of the lock-in ampli ® er inpu t and outpu t gains used with the measurement system . T he spatial response term assumes a 1 m m spo t centred on the bolo meter to within

0.5 m m . The l uncert. term arises from the wavelength uncertainty of the IR SCF. For a detailed discussion of these terms see NIST Special Publication 250-42 [11].

The last column indicates whether the uncertainty is constant over a spectral scan or varies between wavelength points .

trap-con® guration Si detectors, a pyroelectric detector,

and the VIS/NIR SCF [12]. The resulting bolometer

response is shown in Figure 7b. The data (indicated

by solid circles) show the comparison from 0.9 m m

to 1.8 m m that was made at a gain chosen to avoid

saturation at the peak Ge signal. The second comparison

from 1.5 m m to 1.8 m m (indicated in Figure 7b by

open triangles) was made with ® ve times larger

gain for improved signal-to-noise ratio, although the

two curves show few signi ® cant differences. Typical

values for the component uncertainties are shown in

Table 2 with the total being the quadrature sum.

The uncertainties associated with the bolometer are

shown in the upper portion of the table and those

associated with the Ge measurement and Ge response

scale are shown in the lower portion. The ® nal total

uncertainty for the bolometer response contains all the

listed components combined in quadrature with the

Table 2. Uncertainty budget for the bolometer spectral radiant power responsivity as transferred from the Ge detector.

0.9 m m to 1.8 m m 1.5 m m to 1.8 m m 1.31 m m

Correction factors Wavelength

and uncertainty sources dependency

f 1.1014 0.05 1.1134 0.10 1.1184 0.05 Varies

V 1.3959 0.47 1.3987 0.18 1.4807 0.07 Varies

bias 1.0189 0.03 1.0197 0.01 1.0122 0.01 Varies

X 100 0.4930 0.03 0.4930 0.03 1 0 Fixed

NL 1.0004 0.00 1.0026 0.02 1.0042 0.03 Varies

lock-in output-gain 0.9865 0.55 0.9865 0.55 0.9908 0.55 Fixed

lock-in input-gain ( lock-in) 1 0 1 0 1 0 Fixed

Bolometer signal noise 0.03 0.02 0.03 Varies

Bolometer spatial response 0.3 0.3 0.3 Fixed

Bolometer total 0.79 0.66 0.63

Ge scale 1.30 at 1.3 m m 2.83 at 1.5 m m 1.30 at 1.3 m m Varies

l uncert. ( D l = 1.5 nm) 0.16 at 1.3 m m 0.06 at 1.5 m m 0.16 at 1.3 m m Varies

Ge signal 0.14 0.00 0.19 Varies

Ge total 1.32 2.83 1.32

Grand total 1.56 2.93 1.47

The last column indicates whether the uncertainty is constant over the spectral range or varies with wavelength.
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Figure 7. Bolometer response calibration by comparison with (a) Si and (b) Ge transfer standard detectors. The response

is to power incident on the chopper. Only the error-bar caps are shown for clarity except for the Ge comparison point,

which was made using the 1.31 m m laser as a source instead of the IR Spectral Comparator Facility.

Table 3. Uncertainty budget for the bolometer spectral

radiant power responsivity in the wavelength range 0.6 m m

to 0.95 m m as transferred from the Si detector.

Correction factors Wavelength

and uncertainty sources dependency

f 1.1062 0.10 Varies

V 1.4024 0.19 Varies

bias 1.0194 0.11 Varies

20 0 10 0 0.4930 0.03 Fixed

NL 1.0000 0.00 Varies

lock-in output-gain 0.9865 0.55 Fixed

lock-in input-gain ( lock-in) 1 0 Fixed

Bolometer signal noise 0.06 Varies

Bolometer spatial response 0.3 Fixed

Bolometer total 0.68

Si scale 0.11 Fixed

l uncert. ( D l = 1.5 nm) 0.19 at 0.8 m m Varies

Si signal 0.06 Varies

Si total 0.23

Grand total 0.71

The last column indicates whether the uncertainty is constant over the spectral

range or varies with wavelength.

Ge response scale uncertainty, which dominates the

result. The Ge response scale uncertainty ranges from

slightly less than 1 % from 0.8 m m to 1.1 m m and then

smoothly rises to 3 % at 1.7 m m.

In addition to the continuous NIR spectral

calibration made using the IR SCF, the absolute

bolometer response was measured at 1.31 m m by

comparison with the Ge standard using a diode laser

source. The comparison was performed by repeatedly

swapping bolometer and Ge detector into and out of

the laser beam. The laser power as seen by the Ge

detector was stable to ±0.5 % during this comparison,

which yielded an absolute bolometer response of

0.3565 V/ m W with the uncertainty given in Table 2.

From the subtotals, it can be seen that it was the

uncertainty of the Ge detector that dominates the

uncertainty of the bolometer-Ge comparison.

3.3 Visible transfer: Si detector

For added redundancy and because the bolometer

response is ¯ at down to 0.6 m m, the bolometer

response was compared with a Si photodiode from

0.6 m m to 0.95 m m, with the results shown in Figure 7a.

This transfer detector is tied to the HACR from

0.4 m m to 0.9 m m via a calibration chain that includes

single-element and trap-con ® guration Si detectors and

the VIS/NIR SCF [12, 13]. The uncertainties of this

comparison are given in Table 3. For this comparison,

the bolometer uncertainty dominates the overall result

with the lock-in gain calibration uncertainty being

the largest component. This differs from the Ge and

pyroelectric comparisons, in which the transfer detector

scale uncertainties dominated.

4. Overall bolometer absolute spectral response,

calibration and scale uncertainty

The overall bolometer spectral response is shown in

Figure 8, where it is overlaid on the predicted response

calculated from the bolometer re¯ ectance and window

transmittance. This prediction is a relative spectral

curve, requiring a single scale factor to ® t all of the

absolute measurements. The predicted curve shown is

0.3913 V/ m W. As may be seen from
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Figure 8. The radiant power response of the bolometer in the spectral regions tied to the Si and Ge transfer standard

detectors are indicated by the solid points between 0.6 m m and 1.8 m m. For clarity, only the error-bar caps are given for

these points. The response measurement made using a diode laser at 1.31 m m is indicated by the box and error bar. The

bolometer response tied to the pyroelectric transfer detector is indicated by the points between 6 m m and 11 m m with error

bars. The solid curve is the relative response, scaled by a constant factor to give the best overall ® t. The

two uncertainty error bars for the curve shown at 1 m m and 12 m m arise from the uncertainty of the relative

spectral data and the spatial response uncertainty of the bolometer.

Figure 9. Ratio of the absolute bolometer radiant power response to the scaled relative response. The error bars

indicate the total uncertainty of the ratios; to improve clarity, only the error-bar caps are shown. The solid line is

the ® t to a line; the uncertainties were assumed to be statistical for this ® t.

the ® gure, the predicted response is a good ® t, well

within the uncertainties. For the VIS/NIR region the

data show excellent smoothness re¯ ecting the quality

of the Si and Ge transfer standards. The IR region

shows much higher variation owing to the poorer

quality of the pyroelectric transfer detector, which

had a much lower signal-to-noise ratio, poorer spatial

response uniformity, and involved a more dif® cult

calibration transfer. The overall ® t of the predicted

curve shape to the actual measurements over the 0.6 m m

to 11 m m range indicates good self-consistency. This

should be emphasized as the overall data set includes

three independent transfer detectors and a continuous

spectral source as well as a laser source. This good self-

consistency increases con ® dence in the regions where

absolute measurements were not made and the response

predictions must be relied upon.

The overall scale factor of the relative response

curve was determined by taking the ratio of the

bolometer response to the predicted relative response
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Figure 10. Relative response curve scale factors were

determined for individual data runs. The scale factors from

those runs were then ® tted versus wavelength. The solid

circles indicate results assuming all uncertainty components

are statistical. For the open squares only the statistical

uncertainty components were used in the weights for the

® ts. (The error bars indicate the uncertainties used for each

® t.) The solid and dashed lines indicate the ® t to the solid

circles and open squares, respectively. All data sets are

shown in (a), while the noisy 1.5 m m to 1.7 m m data set

has been removed from (b).

. The weighted mean of all the ratio

data was 0.3913 ± 0.000 15 (the uncertainty is the

standard deviation of the mean). The weights used

were the ratio uncertainty (the quadrature sum of the

uncertainties of the response measurements and the

response curve). This constant is a scale factor to

convert the relative response curve to an absolute scale.

All uncertainty components were included, so the non-

statistica l uncertainty correlations are ignored here. This

analysis assumes a single scale factor over the entire

wavelength range. To test this, the ratios of the response

measurements to the now absolute predicted response

were plotted versus wavelength and ® tted to a line. As

shown in Figure 9, the ® t stays within 0.25% of unity,

indicating that any systematic tilting of the relative

curve is less than this value.

To test the effect of neglecting correlation in

the uncertainties, a second analysis was made where

individual data sets were averaged separately and

the individual scale factors plotted versus the mean

wavelength of the set. Because an individual data

set used only a single transfer standard, uncertainty

components arising from the transfer standard are likely

to be correlated . To test the size of the effect on the net

scale factor, two sets of weights were used. One used

only the uncertainty components that are statistical,

while the second used the total uncertainties of each

point. The resulting scale factors of each data set are

shown in Figure 10. The differences between the two

methods are ± 0.25 % or less. The ® ts of these scale

factors versus wavelength are similar to the result of

treating all of the data points as a single set.

Taken together, these different analysis schemes

support an overall uncertainty of ± 0.25 % in the

absolute response scale given by the relative response,

scaled by a factor of 0.3913, shown as the solid curve

in Figure 8. This uncertainty when combined with the

uncertainty associated with a bolometer radiant power

measurement at a speci® c wavelength ( 0.75 % from

Tables 1 to 3) gives an overall bolometer radiant power

scale uncertainty of 0.8 %. This is the uncertainty that

can be expected for a bolometer measurement of radiant

power made at a single wavelength within the 2 m m

to 20 m m range of the IR SCF (assuming adequate

measurement time is allowed so as not to be limited by

bolometer signal noise). This uncertainty is comparable

with the quoted uncertainty of a similar IR scale also

set up for detector calibrations [3].

In conclusion, the NIST has implemented an IR

spectral radiant power scale on a cryogenic bolometer.

This scale will be used to provide IR detector

calibrations using NIST’ s IR SCF over the range 2 m m

to 20 m m. The uncertainty is comparable with the best

existing IR scales. It is believed that this bolometer is

the most sensitive detector used for a scale realization

over this spectral range.
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